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Forty-three states have been observed up to an energy of 1474 keV in '"'Os using the reactions
'"Os(d, p)" Os and ' Os(d, t)'"Os, produced with 12 MeV deuterons, and the '"'Os{n, y)" Os reaction using
thermal neutrons and observing y rays from 36 to 5933 keV. The neutron separation energy of '"Os was
determined to be 5920.8 + 2.0 keV in agreement with the value of the (d, p) reaction. The Q value for the

Os(d, t)" Os reaction was measured to be —1530=~4 keV. Using l-transfer results, spin-parities were
assigned to 14 states. A number of states up to 818 keV were qualitatively interpreted in terms of the Nilsson
model. Anomalous Nilsson systematics particularly of the 1/2 —[510] and 3/2--[512] bands involving
anomalously large (d, p) and (d, t) cross sections populating the 5/2 —and 3/2 —states at 69.6 and 95.3 keV,
respectively, are interpreted in terms of decreasing deformation and the consequent increase in Coriolis
coupling. The low lying 5/2 —state at 276 keV is interpreted as the lowest rotational state built on the
9/2 —[505] level at 30.8 keV. This implies triaxiality for this configuration.

NUCLEAR REACTlONS 880s(d, P), ' 0Os(d, t), E = l2.0 MeV, measured o(e),
DWBA analysis; ' Os(n~, p); deduced energies, l„j7t of '8 Os levels.

NUCLEAR STRUCTURE Nilsson model applied to ' ~Os; evidence for triaxiality.

I. INTRODUCTION

Current interest in the spectroscopy of the os-
mium nuclei is due largely to the fact that osmium
is the only element for which stable isotopes span
the transition from well deformed prolate shapes
in the lightest Os isotopes to shapes which are
alternatively described theoretically as spherical,
y unstable, triaxial, or oblate in the region around
mass number 190. Although energy levels of the
even isotopes, both in experiment' and theory
have been extensively investigated, very little
information can be found in the literature concern-
ing the nuclear structure of the heavier odd mass
isotopes of osmium. This research reports on
the nuclear energy levels of '"Os and was under-
taken with two main purposes: to help fill in the
gaps in the systematic knowledge of the single
particle structure, and to probe the applicability
of current nuclear models for odd-A nuclei in the
transition region. Some results of this work have
been reported in an earlier publication, ' with em-
phasis on the anomalous spectroscopic systemat-
ics and the consequent structural conclusions. The
nucleus '"Os was studied as a product of the neu-
tron transfer reactions "'Os(d, p)'"Os and"Os(d, f)"90s which populate neutron hole and
particle states in characteristic ways such that
they can be identified. A similar study of '"Os
by the Aarhus group utilizing the reactions

'"Os(d, p), '"Os(d, f), and '"Os(d, d') was made
approximately simultaneously with this study. '
They obtained similar results but interpreted them
somewhat differently from the interpretation given
in the present paper.

In addition to the charged particle data, supple-
mentary information about low spin states in 90s
was obtained from neutron capture experiments
performed at the I.os Alamos Scientific Labora-
tory using the reaction '"Os(n, r)'"Os.

The usual approach for interpretation of nuclear
levels of odd-A nuclei in transition regions involves
comparison with the Nilsson model, "' which has
been so successful in predicting the properties of
strongly deformed nuclei. For example the Nils-
son model, with the addition of rotational-particle
(Coriolis) coupling, has been applied successfully
to the odd tungsten isotopes. ' In the present work,
an attempt to extend the application of the Nilsson
model has been carried beyond tungsten to '"Os,
and many energy levels in '"Os have recognizable
patterns of excitation and cross section similar
to those seen in the isotonic '"W. While it is felt
that Nilsson orbitals comprising the major com-
ponents of the wave functions have been identified
for many of the observed states below 500 keV,
the Nilsson model is clearly less appropriate in
this transition region.

Considerable theoretical effort has been made
to describe even transitional Os nuclei in terms
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of triaxial deformation. ' This theory agrees fairly
well with experimental observations for the even
Os nuclei. . Attempts' " to describe the nuclear
properties of the odd-A transitional nuclei in terms
of triaxial symmetry have been beset both with
theoretical difficulties and the lack of adequate
experimental data, especially for the heavier
odd-A Os nuclei. This paper is a part of a sys-
tematic experimental investigation of the heavier
odd-.4 Os nuclei. Similar studies of '"Qs and
"."Qs are in progress.

Il. EXPERIMENTAL 'TECHNIQUES AND RESULTS

A. I ai gets

Various methods of producing Os targets were
tried, but discarded in favor of the inefficient but
reliable techniques"' in which OsO4 is fed directly
into the ion source of the isotope separator. Even
with the most careful tuning of the instrument, two

weeks of running time and 10 g of Os04 were con-
sumed in the preparation of a target containing a
fevv micrograms of separated isotope. Only a
single target was made for the isotopes 188 and
190.

E.Iastic scattering measurements indicated thick-
ness of -15 and 40 p, g/cm' for the '"Os and '"Os
targets, respectively. Because the thin targets
required long exposure to the beam, relatively
thick C target backings of -100 pg/cm' were em-
ployed as a safety precaution in spite of a slight
detrimental effect on resolution.

B. Charged particle spectroscopy

Charged particle reaction studies were carried
out with 12 MeV deuterons from the EN tandem
Van de Graaff accelerator at Florida State Uni-
versity. Emergent particles were analyzed in a
6/5 scaled-up version of the Browne-Buechner
spectrograph, "through the use of Kodak NTA
50 p, m nuclear emulsions spring-fitted to the focal
surface of the spectrograph.

The data were analyzed with a series of corn-
puter programs" "which were used to compute
particle energy, Q value, excitation energy, cross
section, resolution, and a list of possible impuri-
ties for each peak, as well as appropriate error
estimates.

Studies of the '880s(d, P)'"Os reaction were car-
ried out at 20', 30', 40', 45', 55', 60', 75', 95',
and 125 with resolution varying from 10-17 keV
full width at half maximum (FWHM). The reaction
'"Os(d, t)'"Os was studied at 75', 90', 95', and
125' with resolutions from 14-21 keV FWHM.

C. Thermal neutron capture spectroscopy

Study of the reaction '"Os(n, y)'890s was carried
out using thermal neutrons from the Los Alamos
Omega West reactor. This facility has been de-
scribed by Jurney„Motz, and Vegors. " The
separated target used in these measurements was
obtained from Oak Ridge and consisted of 98 mg
of '"Os with the following isotopic composition
[/o (mass no.)j: &0.01 (184), &0.1 (186), & 0.1
(187), 87.7 (188), 6.69 (189), 3.24 (190), 2.35 (190).
Studies of the (n, y) spectra of separated targets
of "Qs, '"Os, and "'Qs were also carried out in
order to identify isotopic y impurities.

The y-ray spectrum was studied in three energy
ranges to optimize experimental resolution. Each
energy range used a different experimental ar-
rangement. In the highest energy range (3.3—6.0
MeV) y rays were observed in coincidence with
two 511+50 keV y rays (presumably annihilation
photons). This pair spectrometer arrangement
eliminated confusion among double escape, single
escape, and full energy photon peaks.

The resolution of the Ge(Li) detector employed
in the pair spectrometer was 6-7 keV (FWHM},
for high energy y rays. Nitrogen y rays from a
2.75 g sample of melamine (C,N, H, ) were used
for the intensity calibration, and both nitrogen
and carbon emitted well-known high energy y rays
suitable for energy calibration. Carbon target
containers provided internal energy reference
lines. Standard energy and intensity values were
taken from the compilation of Marion. " The total
cross section for capture of thermal neutrons by
'"N was taken to be 75.0+7.5 mb."

In the intermediate energy range (100-1500 keV),
y rays were recorded in the anticoincidence or
"anti-Compton" mode. Only those events in the
Ge(Li) detector which were not in coincidence
with any photon in the surrounding NaI annulus
were accepted by the analyzer. This technique
greatly reduces the background in the spectra
arising from Compton scattering. Detection reso-
lution was 3 keV FWHM at 1 MeV.

After each intermediate energy anticoincidence
run, the sample was shielded from neutrons, and
a new spectrum was recorded. In this way y rays
emitted by long-lived activities could be distin-
guished from p rays which promptly follow neu-
tron capture. Only the z rays associated with the
known Ir daughter nuclei were observed.

Very low energy (below 100 keV} y rays were
detected with a 3 mm deep Si(Li) detector with no

coincidence restrictions. The resolution was
0.5-0.9 keV FWHM.

An assortment of standard radioactive sources
was used for energy and relative efficiency cali-



14 NUCLEAR SPECTROSCOPY OF ' Os 2097

brations below 1500 keV. The efficiencies of the
Ge(Li) and Si(Li) detectors were related through
the intensities of the Os K x rays observed with
both systems. Absolute cross sections were de-
termined relative to the intensity of the 412 keV
transition in '"Hg following irradiation of '"Au.
The cross section for the '"Au(n y)'"Au was
taken to be 98.8 + 0.3 b "

D. (d,p), (d, t), and (n, y) results

Examples of spectra from the reactions
"'Os(d, p)'890s and '"Os(d, t)'"Os are presented
in Fig. 1. The spectra have been adjusted to a
common excitation energy scale and have been
arranged in a "mirror plot" to provide a visual
indication of the relative particle or hole charac-
ter of each state. The spectra shown were among
the very best obtained in terms of resolution and
counting statistics. Tails on the high excitation

side of the peaks were caused by straggling of
protons and tritons in the relatively thick carbon
backings of the targets.

Although the energy matching of the proton and
triton spectra was obvious, as can be seen in Fig.
1, excitation energies were not immediately ap-
parent because the position of the very weakly
populated ground state peak (No. 0) was not clear.
However, the energy spacings of the strong peaks
3, 4, and 5 matched the spacings of the well-
known levels at 69.3, 95.3, and 216.8 keV. With
the energy scale thus tentatively established,
some weaker peaks fell into place and the ground
state position was confirmed.

Excitation energies and differential cross sec-
tions obtained from the fitting of the raw data are
presented in Table I. Excitation energies have
been measured relative to the strong, well re-
solved peak at 95.3 keV excitation. The error in
the measurement of the target thickness, which
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IOOO

C)s(d, p) 0

determines the cross section normalization be-
tween different angles, can be quite large (—20%
for strong states) because of the possible inhomo-
geneities in the isotope separator produced tar-
gets. The uncertainties of relative cross sec-
tions within any one spectrum are estimated to be
about 10% strongly populated and well resolved
peaks. In many cases, where the cross sections
are extracted from weakly populated or composite
groups, the uncertainty might well be as large as
a factor of 2.

Also included in Table I are adopted values, for
the orbital angular momentum transfer (l), which
were extracted from the experimental angular

distributions. For the '880s(d, j)'"Os reaction
data, the l values were largely determined from
comparison with theoretical angular distributions
calculated according to the distorted wave Born
approximation (DWBA)." For example, Fig. 2

shows the measured (d, p) angular distributions
for the strongly populated levels at 70 and 95 keV

excitation; they are in good agreement with DWBA

predictions calculated for the previously well es-
tablished spin and parity assignments of &

—and

& —,respectively.
The (d, t) data were in relatively poor agreement

with the DWBA calculations, probably because of

the difficulties in normalization. Nevertheless,
an empirical comparison of observed angular
distributions between states of known and unknown

l value made it possible to determine l within +1
unit.

The high energy y-ray spectrum is shown in Fig.
3, and y-ray energies and intensities are summar-
ized in Table II. The total cross section for cap-
ture of thermal neutrons by '"Qs is not known.

However, the observed partial cross sections for
y rays deexciting the capture state give a lower

IOO

IOOO

TABLE II. High energy p rays observed in the
ps (n,y) ps experiment. Numbers in the Assign. —

ment" column correspond to peaks in Fig. 3 and levels
in Tabl. e I.

p-ray Excitation Intensity
energy (keV) energy (keV) (mb) Assignment

IOO

I I

00

7Q keV

I=3

I I I I I I I I I I I I I

30 60 90 I 20

SLAB

5933.2+ 3.0
5884.5 + 2.0
5562.0 + 0.3
5533.0+ 0.3 '
5481.6+ 2 ~ 0
5414.9+ 2.0
5370.2+ 2. 5
5363.3+ 3.0
5297.4+ 0.3 '
5268 ~ 5+ 0.2 '
5147.1+ 3.0
4945.5+ 0.2
4927.7+ 3.0
4546.1+2.5
4526.6+ 3.0
4508.8 + 0.3
4448. 6+ 4.0
4221.2 + 2.5
4026.0 + 4.0
3980.5+ 4.0
3855.0+ 2.0
3683.9 + 0.2

~ ~ ~

36.2

439.1+0.6
505.9 + 0.6
550.6+ 0.7
557.5+ 0.8

993.1+2.0
1374.7+ 1.5
1394.2 + 2.0

1472.1+ 3.0
1699.6 + 2.0
1895.6+ 3.0
1941.1+3.0

(40+ 12) '
136+29

119+27
311+65
97+23
31+12

(45+ 18) '

116+42
118+ 26
56+ 18

35+ 18
140+ 36
37+19
40+ 20

189pS (& p) 9 pS
2

N(„&)15N
14N(yg y) 15N
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14N(~ ~)15N
190pS (& +)191ps
12C(~ ~)13C
33
43
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'4N(~, y) "N
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52
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14N(~ y)15N
12C (g ~)13C

FIG. 2. Measured (d,p) angular distributions for the
95 keV 2 —level and the 70 keV 2 —level in Ps. Circles
represent data taken from Ref. 3. For comparison, the
results of the DWBA calculations for L = 1 and l =3 are
shown as solid lines with arbitrary vertical scale.

Relative intensity.
All excitation energies were measured relative to

this state.
Energy taken from Ref. 19.
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FIG. 3. High energy y ray spectrum observed following capture of thermal neutrons by Os. Peak numbers corre-
spond to energy levels listed in Tables I and II. Peaks labeled C and N have been attributed to those elements. Peaks
due to isotopic impurities are labeled with the mass number of the product.

limit of 1.2 b. The customary" energy weighted
sum over y rays of all energies gives essentially
the same value. Since this number is only a lower
limit for the total capture cross section, it is
appropriate to express the y-ray intensities as
partial cross sections for capture.

The sample was accidentally left open to the
atmosphere during this 47 h run, so nitrogen lines
were seen as well as carbon. These lines pro-
vided an internal energy calibration. Unfortunate-
ly, they could also have obscured some weak '"Os
lines, but this work and other available data pro-
vide no indication that one should expect any '"Os
lines at the nitrogen energies. The excitation
energies listed in Table II were measured rela-
tive to the 36.2 keV level, as energy differences
of the high energy y transitions.

The intermediate and low energy y-ray spectra
obtained with the Ge(Li) and Si(Li) detectors are
shown in Figs. 4 and 5, respectively. Energies,
cross sections, and transition assignments are
given in Table III. The small amounts of '"Qs
and '"Qs in the target material produced some of
the stronger lines in the low energy spectrum, but
these were readily identified. y-ray lines which
occurred with similar intensities in all Os targets
have been labeled as impurities.

E. Reaction Q values

Transfer reactions and neutron capture studies
are among the most precise methods for measure-
ment of neutron separation energies, which deter-
mine relative nuclear masses. In neutron capture
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FIG. 4. Spectrum of y rays observed with the Ge(Li) detector, in anticoincidence with Compton scattered events in

the surrounding NaI annulus. Energies and intensities of the peaks are listed in Table III.

studies the neutron separation energy S„ is obtained
directly as the excitation energy of the capture
state. Neutron separation energies can also be
determined by addition of (d, p) Q values to the
deuteron binding energy, and by subtraction of

(d, t) Q values from the triton S„value. Neutron
separation energies obtained in these and oth-
er"""experiments are compared in Table IV.

Values of S„for '"Os have been determined for
all cascades from the capture state to the ground
state. Where transition energies are known more
precisely from conversion electron studies, those
values have been used. The average result is
S„=5920.8 keV. The standard deviation is less
than 1 keV, but an error estimate of +2 keV is
assigned to include possible systematic errors.

Reference peaks were used for the refinement
of (d, P) and (d, t) Q values. The remarkably con-
sistent values for the strong 95.3 keV state were
averaged, and relative to those results the ground
state Q values were found to be 3694+4 keV for

Os(d, P)~ 9os and —1520 y 4 keg for ~ Os(d, f)~ Os.
The corresponding S„values are given in Table IV.

F. Level scheme

The previous knowledge of the level structure of
'"Os was largely based on the electron capture
decay 8' of ' Ir, and on complementary studies
of the p decay"'" of '"Re. These results were
compiled by Artna. "

The level scheme based on the experimental
(n, y) and charged particle results of this experi-
ment is presented in Fig. 6. It had earlier been
supposed that two very closely spaced —', —levels
occur in '"Os at 217 and 219 keV." Our low ener-
gy (n, y) spectra indicate y rays at 216.7 and 219.4
keV which suggest the existence of a close lying
doublet at 216.7 and 219.4 keV, which depopulates
to the ground state. We see a strong state in both
the (d,P) and (d, t) spectra at this energy with an
angular distribution consistent with l = 3, but we
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cannot resolve this close lying doublet in our neu-
tron transfer spectra. Preliminary results of a
y-y angular correlation study of Begzhanov et al."
indicate &

—for the 217 keV state. However, no
final report of this work has appeared. In Fig. 6
we adopt the conclusions of Artna" suggesting two
very close lying —', —levels. The neutron transfer
data show a new level at 290 keV with /= 6. A
firm —", + assignment can be made for this level
from the results of a recent (v, n) study. " Our
data confirm the previously known levels, "up to
276 keV. A recent investigation" of electron cap-
ture in '"Ir has suggested that the level at 314.7
keV of Ref. 29 was probably spurious and also
proposed the existence of a new level at 438.5 keV.
Both of these changes are supported by the results
of the present experiment. For every level below
1500 keV excitation, not established by a primary

capture y ray, there is independent evidence from
either the charged particle data or from low ener-
gy y deexcitation. No new levels based purely
upon energy sums of low energy y rays have been
proposed.

There are several transitions for which place-
ment in the level scheme should be discussed.
Relative intensities of the 245 and 59 keV y rays
depopulating the 276 keV level" imply that the
59 keV transition must be placed between the 95
and 36 keV levels in the (n, y) level scheme.

The 219 keV y ray can be placed in the unusual
position of feeding itself, 439 to 219 keV and 219
keV to the ground state. In the "lr decay, the
150 keV transition depopulates the 219 keV level
with 16% of the y intensity of the 219 keV transi-
tion. " The fact that the 150 keV y ray was not
seen at all in the (n, y) reaction indicates that not
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700 800
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Ka 4000-
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, ~ !4

59.1 !

!

~

~
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'
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«'d

2000
30 40 50 60 70 80
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FIG. 5. Spectrum of low energy y rays, observed with the Si(Li) detector, following capture of thermal neutrons by
~" Os. Peak energies and intensities are listed in Table III.
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TABLE IG. p-ray txansitions below 1300 keV, as observed in the spectra of Figs. 4 and 5. Intensities are given as
partial cr oss sections for y ray production only; internal conversion has not been considered. Numbers in parentheses
are relative intensities. y rays which occurred with equal intensity for all Qs targets are designated as impurities.

Intensity
(mb}

Intensity
(mb)

36.23+0.03
59.12 +0.05
61.55 +0.07
63.03+0.07
66.60+0.07
69.60 +0.07
71.3 +0.1
73.2 +0.4
74.9 +0.3
76.9 +0.3
85.7 +0.3
95.9 +0.3

139.1 + 0.4
155.2 + 0.3
162.8 + 0.6
175.5 +0.5
186.7 +0.3
197.6 +0.4
216.7 +0.5
219.4 +0.5
234.0 +0,4
245.2 +0.3
272.4 +0.5
275.9 +0.7
296.5 +0.5
323.6 + 0.4
343.5 +0.4

35+10
95 +28
(587)
(796)
39+12
70+ 36
(297)
(193)
(92)
(43)
(58)
(63)
(36)
(220)
(70)
(77)
(917)
78 +17
68 +16
83+19
72 +16
106+23
87 +20
22+ 9
49 +13
73 +16
217 +45

36 g.s.
95~36
Qs +G2 x ray
Qs &0,1
506 439
70 g.s.
Qs E'P 1
Qs E'p2+ pb Eo.

&

Bi Xe2+ Pb Xo.i
Bi Ee'1
Impurity
95 g.s., +Imp
234 95, +Imp
187Qs(g ~)188Qs

234 70, +Imp
190Qs(1 ~)191Qs
189Qs(N ~)190Q

234 ~36
217~g.s.
219 g.s., 439 219
234 g.s,
276 ~234
506-234
276 g.s.

346.8 + 0.5
361.1 +0.4
371.4 + 0.4
397.2 +0.7
403.3 ~0.6
407.2 +0.7
410.6 ~0.5
416.5 +0.8
454.6 +0.4
462.4 60.4
469.9 +0.4
474.7 +1.0
478.9 ~0.7
483.0 ~1.1
495,6 +0,6
498.9 +0.6
505.8 + 0.5
511.0 +0.3
557.9 +0,4
569.5 ~0.4
594.9 +0.8
605.1 +0.8
633.8 + 1.0

1097.5 +1.0
1262,2 + 0.8
1294.3 + 1.0

96 +21
(157)
(203)
(39)
38+ 10
(42)
109~24
(69)
111+24
122 +27
216 ~45
96 +29

65 ~28
45 +13
47+ 13
151+34
(679)
(389) '
(241)
146+38
(109)
(233)
(158)
(746)
(316)

1 ~

189QS(g ~)190QS
189Qs(@ ~)190Qs

189Qs(g ~)190Qs

439 ~36
189Qs(~ ~)190Qs

506 95
Impurity
550 95
558 95
506 36

~ ~

187QS(~ ~)188QS

506 ~g.s.
Annihilation
189QS(g ~)190QS
189QS(g cy) 190QS

0 4 0

189QS(g P)190QS

«7Qs(n, ~)1"Qs
Impurity
12C(g y) 13C

Impurity

Helative intensities indicate that -100 mb of an 189Qs transition is buried under the strong 558 keV 190Qs peak.
It could connect the 588 keV level with the ground state.

all of the obsex'ved 219 keV intensity depopulates
that level. Furthermore, the 219 keV level is so
strongly populated in "Ir decay that a. small
amount of 219 keV intensity deexciting the 439
keV level would not be noticeable in the intensity
balance.

A comparkson of the k elatkve j'-ray knteIlsktkes
with those of the '89os(n, y)'900s spectrum indicates
that the peak at 558 keV probably includes -100
mb of a '"Os transition as mell as the well-
known"'25 strong 558 keV level with the gx ound

state kn Os.
Sevex'al y rays have not been placed in the level

scheme. None of the unassigned transitions can
form a simple closed energy loop with other
known transitions in '890s, neither with those
observed in (n, y) nor with those known from radio-
active decay. It is somewhat disturbing that a
few unplaced transitions are relatively strong,
especiaiiy the one at 595 keV, which carries 12%
of the total capture intensity.

The 366 keV level, also unknown in x'adioactive
decay, has E= 3. Spin and parity assignments are

TABI E IV. Hesut. ts of various neutron separation
energy measurements.

Technique

'89Qs 6002 + 91
5921 + 4
5914 + 10
5919 + 4
5920.8 + 2.0

Mass spectrometry
Mass doublets
188Qs y P,)189QS

188Qsg P)189Qs
188os(~ y)'89Qs

19 Qs 7771 + 106 Mass spectrometry
7794 + 2 Mass doublets
7798 +10 '90Qs(a, t)'»Qs
7788 +4 '90Qsg, t)'»Qs
7795 + 5 '89Qs(~, y)190Qs
7791 ~3 '»Qs(n, y)"0Qs
7790 +3 189os(~,y)'90Qs

23
26
3
This work
24
25
27

therefore expected to be &
—or —', —.

Although the 439 keV state has been obsex'ved
in" Ir decay, "multipolarities have not been
determined. Direct neutron capture and the E= 1

(d,p) and (d, t) angular distributions suggest Im
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=2 —or 2 —.Ifhe 439 keV level decays to the
—', —219 keV levl, as indicated by the dashed
transition in Fi. 6, then Iw =

&
—would be re-

quired. However, the 219.4 keV transition has
been used else%ere in the level scheme. There-
fore the 2 —an&& —assignments are considered
to be equally pobable.

The 506 and 93 keV states, like the 439 keV
state, are popmted in the high energy (n, y) spec-
trum and have f,p) angular distributions charac-
teristic of l = 1 tates. The suggested assignments
are Im = ~ —or —,

'—.Other low spin [&, &, (-', + )]
states are seerin the high energy (n, y) spectrum
at 550, 558, l.'5 keV, and higher (Table III).

There are a kw additional states for which l
values have beo inferred from the charged par-
ticle angular ditributions. The 908 and possibly
the 679 keV lev. ls have l = 3, and Ig = 2 —or —', —;

the 600 keV state, with l=1, has Im=& —or —,
' —.

The log ft values observed in p decay to the '"Os
daughter"'" are all consistent with the Ig assign-
ments made in this section.

III. NILSSON MODEL INTERPRETATION

A. Calculated energy levels and spectroscopic factors

Theoretical energy levels and spectroscopic fac-
tors have been calculated in terms of Nilsson's
deformable shell model, 4 including pairing effects.
Several of the low lying states observed in '"Os
resemble states predicted by the Nilsson model.

Single particle wave functions were derived from
a modification" of Nilsson's Hamiltonian, which
includes the effects of hexadecapole (P,) as well as
quadrupole (P,) distortions. The coefficients

I/2+ 5920.8+ 2.0

Ol

+4 g) 0
eo
CO lA (d,p) (d, t)

1474

1394
1375

I/2, 3/2
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7/2
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lO

1
jlD

T ~' 1'

CO

CO

N
IA

Ol
IO

I

II

(V

0s

N
N

cu
N

0 8 Kl
If) LA

t + CV hl

yCO
N

0
N

I

I

I

I

I

I

'~

N

0 CO

0
g) 0)

CO

hJ

N CO

00
y

CO

I

I
I

I

I

I

I

I

I

I

I

~r I

I

I

C4
CV

CO

bl
CO N

818

735
688

600
557.6 ~550.3
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FIG. 6. Levellcheme for ~Os. Results of the (n, y) experiment are shown on the left, and levels populated in the
transfer reactios are shown on the right. At the far right, bar lengths represent the differential cross sections
measured at 95 'or (d,p) and 90 (d, t). Dashed arrows represent transitions for which placement is uncertain. As-
terisks indicate .ouble placement.
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~=0.0636 and p, =0.393 were taken from the work
of Nilsson et al."

Himmel" has measured the ground state nuclear
quadrupole moment from hyperfine structure of
the atomic spectrum of enriched '"Os, and ob-
tained a value of 0.91+0.10 b. If one assumes that
the effective radius of nuclear charge is R,=1.20
x 10 "A' ' cm, and neglects contributions of P4 and
higher components in the nuclear shape to the
electric quadrupole moment, then this observed
value corresponds" to a deformation of 5= 0.142
+ 0.014. By minimizing total potential energy with
respect to deformation for even nuclei, Nilsson
et al."have predicted e = 0.16 for Os, and &

= 0.18 for '"Os, with fairly constant &4= 0.05 for
all Os isotopes. (For nuclei with relatively small
deformations, the deformation parameters & and
E, in the stretched coordinate system are very
nearly equal to the normal coordinate deformations
5 and 5,.) The deformation parameters used in the
present calculation were 5 = 0.142 and 54= 0.050.
Variation of these parameters within reasonable

limits did not appreciably improvetgreement be-
tween theory and experiment.

To account for pairing correlatias, "we have
calculated quasiparticle energies (;or) from the
Nilsson single particle energies (E~) using a
pairing gap, 2&=1.870 MeV deterrined from
known neutron binding energies. 'he Fermi ener-
gy ~ is expected to be close to the ingle particle
energy for the 113th neutron level, about 49 MeV.
Values for X and & were computed' from the usual
sum rules, "and the strength of thipairing inter-
action was adjusted until the knowr5 was repro-
duced. The final value for X was 4.285 MeV.

The occupation probability for a uasiparticle
state is

V'= 1/2[1 —(E8v —A)/Eer].

The probability of a state being esty is

(2)

Theoretical excitation energies ae given in
Table V for all bandheads expecteebelow 2 MeV

TABLE V. Calculated and observed bandhead energies (keV) for 8 Os. The sign of (& V )

is given in parentheses to indicate the predominance of particle (+) or hole (-) character a is
the decoupling parameter of the K —

&
bands ~

Kx[Kng A]

Calculated
excitation

(keV)

Observed
excitation

(keV)

[51ol

t 521]

[53o]

[ 5o1l

2
[512]

f 5o1]

[512l

[ 503]

[5o3]

[514l

[ 505]

f 66ol

[ 651]

—,
"[651l
—", [642]

—'+ [6421
2

—', + [633l
—", [624l
'—"[615]
2

'-" [6o6]
2

49 135

48 030

46 480

52 205

49 300

51 230

47 090

51 628

48 718

47 638

49 543

47 332

52 052

47 321

52 043

47 362

47 592

48 173

49 248

50 951

947

1565

2956

3066

935

2158

2386

2522

1093

1893

969

2165

2921

2175

2912

2138

1934

1453

QQ5

1910

0.722

0.210

4.679

0.981

6.921

4.789

(-)o

(-)62s

(—) 1931

(+ )1gg5

(+)22

(+)1245

(-)1493

(+ ) 1629

(—)211

(—)1021

(+ )117

(—)1095

(+ ) 1892

(—) 1263

(+ ) 1999

(-)1246

(—) 1061

(-)6oo

(-)1O3

(+ ) 1098

(-)36

(-)6ss

(—)217

(+)31

(—) (878

(—)31&E( 290
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of excitation. B,ch band is designated by
Tv[An, A j, wher N, n„and A are the familiar
asymptotic quaMm numbel 8 for the NQsson
states. Table &also lists excitation energies for
experimentally bserved bandheads, the assign-
ment of which vll be discussed latex. All Nilsson
states expected)elow 1 MeV have at least tenta-
tively been idemfied. Although the sequence is
not correct, thabandhead energies ha, ve been pre-
dicted about as dwell as can be expected" in the
transition regio from this relatively simple mod-
el.

One of the mot useful techniques fox the identi-
fication of Nilsan states involves recognition of
the characterisic "fingerprint" pattern of ener-
gies and intensiies observed in single particle
transfer reactios such as (d, p) and (d, f). A
given Nilsson site generally has the same "fin-
gerprint" from ne strongly deformed nuclide to
another. In a transition region the patterns change
with deformatia, but smooth trends aid identifi-
cation.

The theoretics absolute differential cross sec-
tion for strippir, (+) or pickup (-) is given by
the expression4'do', P' '

= 2Cq, '4(8)

The spherical sngle particle cross section is

4 )(8)= No)(f,

where o, (8) is te angular distribution function cal-
culated from th distorted wave Born approxima-
tion" (DWBA), ind N is a normalization factor
usually taken tcbe 1.50 for (d,p) and 3.33 for (d, t)
reactions. "

For the (d, p)angular distribution studies c,(8}
was calculated' with optical model parameters
which had beenfitted to ela.stic scattering data.
Siemssen and h skine4' have found that, although
such parametes give reasonable angular distri-
bution shapes, :he calculated absolute cross sec-
tions are likelr„to be low by as much as 50% for
deformed nucli; it is better to use the tables of
Percy" to estimate optical model parameters for
a hypothetical pherical nucleus with the same
mass and char;e as the deformed nucleus being
studied. Cast~ et g/. ~ have obtained good agree-
ment between heoretical and experimental cross
sections fol th % isotopes with Optical model
parameters deived from Percy's tables. There-
fore, the tungsen C, (90') values of Casten et al. ,

'
appropriately djusted (Table VI), have been used
in the calculation of absolute cross sections for
1890

It is necessa'y to consider the Q dependence of
4, (8) when eros sections for various states are

TABLE VI. Differential single particle cross sections
(p b/sr) used in the calculation of 40/W at the standard
9 values, 9 (d, P) = 3 MeV and Q(d, t) = —2 MeV.

@,(90')"
%'(d, p)

@,(95 )

Qs(d, P)

923
585
531
228
164

34
17

821
556
483
196
159
35
17

870
567
489
203
133

27
12

757
493
425
177
116
23
10

From Ref. 6.

The experimental particle/hole designations of
Table V wexe obtained from these apparent values
of p.

Theoretical cross sections calculated from Eq.
(3) are given in Table VII. The values of C, ,

2 and
U' used" in the calculations are also tabulated.
For comparison, the experimental cross sections
for the states discussed in the next section are
also given in the table.

compaxed with theory and with each other. For
convenience all cross sections have been put on a
common basis by the Q -reduction technique of
Elbek et a/. ,

""whereby all cross sections are
adjusted to the corresponding values at a standard

Q value somewhere in the middle of the observed
range of Q, in this case 3.0 MeV for (d, P) and
—2.0 MeV for (d, f). At a given angle, 8, the Q
dependence of C, (8) has about the same slope for
all / values. The slope changes very gradually
with angle, and hardly at all with Z. Therefore,
the W 90 average (over I) Q-reduction curves of
Casten et a/. ' have been used for correcting the
observed 95'Os(d, p) and 90'Os(d, f) cross sec-
tions to the standard Q values (Table VI}. The

4, (90') values of Table VI also have been evaluated
at the standard Q values. For Os(d, f) the W4, (90')
values have been decreased by about 151 to cor-
rect for the stxong Z dependence~' near the Cou-
lomb barrier. For Os(d, p) the Z dependence cor-
rection is negligible, but the W4, (90') values have
been corrected according to the ratio 4, (95')/
4, (90".) predicted in the earlier" DWBA angular
distribution calculations. Hereafter, unless other-
wise mentioned, all cross sections discussed will
be Q-reduced cross sections at 95' for Os(d, P)
and at 90' for Os(d, t}.

The apparent U' values of Table I were calculat-
ed using the expression,

(5)
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TABLE VII. Comparison of theoretical and experimental cross sections for ~ ~Os. Th[
Q-reduced absolute differential cross sections frere cotnputed using Eq. (3), with 4» valus
taken from Table VI. Onishi's program DFWF (Ref. 36) vras used for the Nilsson calculaon
(C„.

& ) and for the pairing calculation (U ). The folio@ring parameters mere used: 6 =0.14,'

&4 = 0.05, & = 0.0636, p = 0.393, & = 935 ke V, and & = 4S.285 Me V.

U2

do'/dO (pb/sr), Q reduced
(d, p) at 95 (d, t) at 90

Calc. Obs. Cale. Obs.

Observed
excitation

energy (ke4

-' -' [510]
& $ [5&0]

yy [510]

-', -', E51o]

—,
' & E51o]

—", $ [5io]

—,
' $ [52&]

—,
'

~2 [521]

~5-,' [521]

~~ [521]

]]]-,' [52il

—,
' z E53o]

& ~2 [53o]

—,
' -,' [53o]
7 i [530]

—,
' & [53o]

~$ [530]

~2 [5ol]

g ~ [501]
5 i [501]

—,
'

—,
' [501]

—,
'

—,
' [5ol]

Q~ [5oz]

~3 ~3 [512]

—,
' -,' [512]

Z & [512]

U2 [512]

z ~3 [5ol]

)~ [50&]

$$ [50']

—,
' $ [50&]

O.OOS

0.372

0.457

0.066

0.082

0.004

0.331

0.343

0.230

0.060

0.030

0.006

0.001

0.000

0.123

0.008

0.868

0.000

0.658

0 ~ 120

0.188

0.018

0.015

0.001

0.186

0.656

0.057

0.097

0.004

0.712

0.213

0.051

0.022

0.421

0.09S

O. 976

0.508

O. 951

174

0.1

0.2

0.0

0.0

1.2

0.1

1.6

715

131

1.0

105

0.1
752

1.5

&10

370

&10

12

0.1

305

0.2

15

2.8

0.1

10

0.1

0.9

O.l

&10

&10

306

10
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TABLE VII. (Continued)

+[en, A]

—", -,' [soi]

C . 2

0.002

Q2

d&/d~ (pb/sr), 9 reduced
~d, p) at 95' (d, t) at 90

Cale. Obs. Calc. Obs.

0.1

Observed
excitation

energy (keV)

2 2
[512]

z ~5 [512]

2 2
[512]

ii 5 [512]

0.006

0.366

0 ~ 615

0.012

0.040 0.1

1.7

2.1

125

0 ~ 5

~5 ~5 [so3]

~7 ~5 [so3]

—,
'

—,
' [so3]

ii 5 [503]

0.933

0.021

0.045

0.001

0.964 353

0.1

12

0.3

0.1

—,
'

—,
' [so3]

—,'-', [so3]

$ ~7 [503]

-' —' [514]

—,
' -', [514]
ii 7 [514]

0.834

0.153

0.013

0.143

0.843

0.014

0.241

0 ~ 065

79

2.6

0.2

0.1

113 224

0.5

47

36

0.6

298 217

—,
'

—,
' [sos]

ii 9 [505]

~i z [66o]

—,
' ~ [66o]

~~ [66o]

~2 [66O]

—,
'

~2 [660]

—", -,' [66o]

+-'2 [660]

—,
' -', [6si]

2 2
[65i]

-' —' [6si]
2 2

2 2
[651]

2 2
[651]

[651]

—,
' -,' [642]

—,
' -,' [642]
-' —' [642]
2 2

~& [642]

2 2
[642)

0.994

0.006

0.000

0.000

0.000

0.000

0.038

0.000

0.961

0.000

0.000

0.000

0.043

0.000

0.957

0.000

0.000

0.046

0.000

0.954

0.633

0.049

0.048

0.050

44

0.3

0.6

1.6

0.7

1.6

0.7

1.6

26

0.1

18

10

18

10

18

16 31
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TABLE VII.

d&/d~ (p. b/Sr}, Q reduced
(d, p} at 90' (d, t} at 90'

Calc. Obs. Calc. Obs.

Observed
excitation

energy (keV}

~7-'2 [633]
-' —' [633]
2 2

$~7 [s33l
i3 7 [633]

0.000

0.036

Os001

0.062

0.7

2.0

~~ ~9 [624]

p p [624]

~i3-,' [624]

-- [615]
2 2

13 ii [615]

0.016

0.004

0.980

0.004

0.996

0.480

0.6

0.1

0.1

10

1.000

B. Nilsson levels

The ground state of '"Os, with spin and parity
& —,has long been identified as the —,'[512] band-
head. Its magnetic moment, +0.66 mm, '6 has the
correct sign and roughly the magnitude expected
for that Nilsson state. As can be seen in Table V,
there is no other —,—bandhead expected at low
energy. However, the experimental (d,p) and

(d, t) cross sections to the ground state are much
less than expected for the ~ —,[512] state. Further-
more, there are no higher band members which
display the cross section pattern calculated for
this band (Table VII). Coulomb excitation, which
mainly populates ground state rotational band
members by an E2 process, strongly excites the
—,
' —70keV state"'" and the —', —219 keV state." If
the 70 and 219 keg states are the &

—and —', —mem-
bers of the ground state band, their spacing devi-
ates strongly from the normal rotation spacing.
The» spacing corresponds to an inertial param-
eter of 5'/21= 13.9 keV, while the —,

' —', spacing gives
Pf'/2f= 21.4 keV. For the -', [512] band the following
systematic deviations from theory have been con-
sistently establishede, ~o, 5i for the neighboriz
N& 109 nuclei: The» energy separation is anom-
alously small, and the transfer cross sections to
the & and —', band members are very weak, whereas
the -', member receives much larger cross section
than calculated. The ground state, 70, and 219
keV states in '"Os strongly resemble the ~[512]
band members observed in the neighboring nuclei.
Therefore, we assign these levels as the three
lowest members of the —,'[512] band. All these de-
viations from theory have been attributed to

Coriolis mixing, """"which will be discussed
later. If one assumes that the alternate deviation
of levels from rotational spaei. ngs continues up
the band, the inertial parameter 8 /2I = 18.3 keV
obtained from the —,

' —', spacing gives estimates of
the —,

'
~ and —', '~ spacings which predict the ~—

level at 362 ke& and the xx —level at 585 keV The
—', —and ~ —members are not expected to have ob-
servable transfer cxoss sections, nor are they
likely to be populated in p decay. As ground state
band members they might be populated by multiple
Coulomb excitation, which has not been studied for
'"Os, or by inelastic scattering, which generally
favors collective excitations. The levels observed
in the (d, d') reaction' at 346 and 594 keV fit well
the predictions for the —', —and ~2 —members of the
—.'[512] band.

It has long been recognized" that the —', —level at
31 keV is the —', [505] bandhead. The observed
transfer cross section supports this assignment.
The value of C»' indicates that essentially all of
the (d, p) and (d, t) strength for this band goes to
the + —member. As expected, no higher mem-
ber has been observed.

Although a possible spin of & for the 36 keV level
could not be excluded by model-independent rea-
soning, this state has been assigned as the —,[510]
bandhead. Both the low excitation energy and the
lack of transfer cross section for this state agree
well with the predictions of the Nilsson model. "
No other low spin states, except the &[512] ground
state, are expected at low energy. In a nuclear
resonance absorption (Mossbauer) investigation,
Wagner et a/. 56 have found that the magnetic mo-
ment of the 36 keg level is+0.23',„, similar to
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that of the $510] ground state in '"Os and "'W. It
is expected that the Coriolis interaction between
the —,'[510] and the -', [512] will disrupt the structure
of both bands. For the —,[510] band just as in the
case of the ~[512] band, '"Os has a set of levels
resembling the well established &[510] band mem-
bers in neighboring N& 109 nuclei, which fail to
match the calculated pattern. The proposed set
includes the levels at 36, 95, 234, and 366 keV.
For the &[510] band the —,

' —and -', —members have
transfer sections exceeding the theoretical values,
while the &

—cross section is much smaller than
calculated. The 36 and 234 keV states were not
seen at all in (d, p) and (d, f), although a part of
the small cross section assigned to the 31 keV
state may belong to the unresolved 36 keV level.
By far the strongest y-ray and conversion electron
transitions deexciting the 95 and 234 keV states
are transitions within the proposed band. The
energy spacings of the &, &, and —,

' members cor-
respond to g'/2I= 23.7 keV with a decoupling
parameter a= -0.17, while the &, &, and —', spac-
ings A /2I= 23.1 and a= —0.15. This good agree-
ment of apparent rotational parameters supports
the argument that these levels belong to a band.
The apparent decoupled parameter follows the de-
creasing trend observed in neighboring nuclei"
but bears no resemblance to the theoretical value
a =+ 0.72. The observed rotational parameters
indicate that the &~ and ~ members might lie at
about 610 and 830 keV, respectively. %eak states
at 620 and 973 keV are assigned in Ref. 3 as the
—', and —", —members of the —,

' —[510] band.
The —', —level at 217 keV has the excitation energy

and cross sections expected for the —', [503] band-
head. Higher members of this band are predicted
to have small txansfer cross sections, and they
have not been seen.

The state at 290 keV, with /= 5 or 6, has about
the xight energy and cross section to be the —", +
member of the —", [615] band. There are no strong
E= 5 states expected at low energy except for the
-', [505], which has already been placed at 31 keV.
Kerek et u/. 35 have given a very pxeliminary re-
port of work in progress on the reaction
'"Os('He, n)'89Os. From the excitation scale of
their figure it can be seen that the strongest state
in their spectrum (8= 60') is at about 290 keV.
This pickup reaction preferentially populates high
spin hole states; C, (8) is very small for I& 4, and
peaks at 60' for /= 6.~' Nilsson orbitals coming
from the i„~, shell, such as the ~[615], have
nearly all of theix' C» strength in the —", member;
generally these ~3+ states give the strongest peaks
in ('He, u) spectra. " Therefore, it is fairly cer-
tain that the 290 keV level is the ~3 member of the
~[615]band. The ~ member is expected to be

weak in transfex reactions, and has not been ob-
served in this work nor in the (d,p) and (d, t) spec-
troscopy of neighboring nuclei. """The ~+
level is known to exist in some nearby odd-N nu-
clei, having been observed in radioactive decay
for example in '"Qs at 257 keV." In '"Qs the
—", [615] bandhead is probably in the vicinity of
100 keV implying a somewhat Coriolis compressed
rotational spacing. Certainly it is above the ~—
level at 31 keV; otherwise the —', —would decay by
an E1 transition to the ~+, giving a long lived
M4 isomer.

Other strong peaks in the ('He, n) spectrum"
were observed at about 870 and 1020 keV. The
lower one, possibly the same state seen in the
(d, f) reaction at 878 keV, is probably the —'~ +
member of the g624] band. This assignment
would place the unobserved -', [624] bandhead rea-
sonably close to, but probably somewhat below,
the ¹ilsson model estimate of 600 keV. The 1020
peak, possibly the same state seen in (d, t) at 1028
keV, is probably the —", —', [633], although it could
instead be the —", —', [660].

Although there are many levels below 1 MeV,
some of them strongly populated, which have not
yet been assigned, the Nilsson model calculations
(Tables V and VII) predict only one further band
below 1 MeV, the &[521] hole excitation. There
are hole states in the (d, f) spectrum at 688, 735,
and 818 keV which have reasonable spacings for the
first three members of a K=& band. The l values
(Table I) inferred from the (d, f) angular distri-
butions are somewhat inconclusive, but they wouM
permit the & —,& —,&

—spin sequence for these
states. The rotational parameters are I'/2I = 16.1
keV and a =+ 0.02, which would place the unob-
served ~ membex' at around 928 keV. The theo-
retical value for the &[521] decoupling parameter
is a~+0.21. The proposed band in "9Os resembles
the &[521] band in the W isotopes' in that the (d, f)
intensity of the ~ member is considerably smaller
than the theoretical estimate. However, the spac-
ings in %' are quite different, with a =0.8. This
difference in spacings does not destroy the analogy
between Os and %' since our calculations" indi-
cate that the decoupling parameter for the —,'[512]
orbital is quite sensitive to deformation, espe-
cially to 5,. Although it seems possible to identify
the 688, 735, and 818 keV levels with &, ~, and —',

members of the ~[521] band, this assignment is
quite speculative. A different assignment utilizing
two strongly populated lower lying 1= 1 states is
postulated in Ref. 3. %'e assign these lower states
as members of y vibrational bands.

A computer program written by Onishi' has been
used for Coriolis coupling calculations in an at-
tempt to explain the perturbed band structure of
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'"Os. This program considers mixing of all pos-
sible Nilsson states below some chosen energy
cutoff. Although the calculations did not succeed
in reproducing the experimentally observed spec-
tra, they did correctly predict several trends.

The ~ [510] and ~[512] bands interact strongly.
The predicted directions of the deviations from
normal rotational spacings are in agreement with
the experiment. Mixing between the 2",[510] and
the 2~[512] pushes the latter down, so that it lies
below the —,—,[510] and thus becomes the ground
state contrary to the unperturbed prediction (Table
V). With regard to theoretical (d,p) and (d, t) in-
tensities, the mixed band members alternate be-
tween constructive and destructive interference,
so that the —,&[510], the —', —,[512], and the —', —', [510]
have much more than the unperturbed strength,
while the other members are weakened by mixing.
The measured cross sections clearly display the
same alternate deviation from the unperturbed
theoretical values (Table VII).

The —,
'

—, [505] mixes with the —, —,
' [503), and thus

is pushed to a lower energy than the unperturbed
¹Isson model would predict. The 2

—', [503] remains
fairly pure, staying at about the expected energy.

The mixing calculations do not predict that the
(d, f) strength of the —,'[521] state should be dimin-
ished.

The existence of two —', —states only 2.7 keV
apart at = 218 keV may also be understood on the
basis of Coriolis coupling. Since AK= 2 for
—', —', [503] and —', —,

' [512] states, they will Coriolis
mix only to second order with K= —', —bands. The
only reasonable possibilities are ~[512] and
—,[503] which occur at = 1 MeV and at several MeV,
respectively. However, although in each case
Coriolis coupling is large between one of the pairs,
it is very small for the other pair implying a
small second order Coriolis coupling between the
observed —', —states.

The application of the prolate Nilsson model,
with pairing, to the nuclear level structure of
'"Os has been reasonably successful. For every
¹ilsson orbital expected below 1 MeV, at least
one band member has been identified in the level
scheme although the —,'[521] assignment is much
less certain than the other orbital identifications.
Overall agreement between theoretical and ob-
served energies and transfer intensities was fairly
good for those levels which have been assigned.
Several bands have perturbed patterns which in-
dicate that band mixing is important; this is ex-
pected for a moderately deformed nucleus like
'"Os since, in the Nilsson model, K is a good
quantum number only at large deformation. Cor-
iolis mixing calculations improve agreement of
theory with experiment. However, there are many

levels, one as low as 276 keV, which have not
been predicted by the model.

C. Anomalous vibrational excitations

The most obvious failure of the predictions
based upon the Nilsson model is the large number
of states below 1 MeV in '"Os for which no ex-
planation was provided. A related problem is the
observation of states such as those at 439 and
600 keV which cannot be rotational members of
the lowest lying axially symmetric Nilsson bands,
but which still have (d, f) intensities roughly com-
parable with their (d, p) intensities. The pairing
theory predicts that quasiparticle states with band-
head excitation energies of a few hundred keV or
higher should have either predominantly particle
or predominantly hole character. This prediction
has been borne out by the Nilsson states identified
in '"Os. Even the —', [503] at 217 keV has about
75% hole character.

The natural approach then is to consider whether
the unassigned levels might be collective excita-
tions built upon low lying quasiparticle states.

The simplest picture for a nonrotational collec-
tive excitation in an odd nucleus' is that of a
quasiparticle coupled to a vibration of the even-
even core. The one-phonon 2+ y vibration is the
only collective 'excitation known to lie suitably low

in energy, at 633 and 558 keV in "Ws and '"Os,
respectively. ' In '"Os one would then expect to
see two bands with K= ~K, + 2

~

about 600 keV above
each K, quasiparticle band. (The K, —2 somewhat
lower and the K, + 2 somewhat higher in energy. )

In the simplest picture, a pure vibrational state
should have zero cross section for transfer reac-
tions. " However, there have already been many
observations of vibrational states being populated
in deformed nuclei by the (d, p) and (d, t) reac-
tions. '0"""

A more sophisticated theory of vibrational states
has been set forth by Des and Cho" and by So1o-
viev et a/." They have calculated odd-A. wave
functions microscopically, treating a phonon as
a linear combination of two-quasiparticle states.
Unfortunately their calculations did not include the
Os isotopes. They have obtained estimates of the
(usually small) one-quasiparticle admixture in
mainly vibrational states, and vice versa. Trans-
fer cross sections should be a measure of single
particle admixture.

The selection rules" for strong mixing of a
Nilsson state with a vibration built on another
Nilsson state are hN=4n, =0, hK=4A=+2. The
pairs of states —,[510],-[512] and —,'[503], —,

' [505]
satisfy those rules. Of course, the interaction is
strongest when the unperturbed energies are
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keV

300 5/2, K-2

200 —"/2
7/2 [503]

lOO

9/2 [5

7/2

3/2
5/2 [512]

3/2
I/2 [510]

FIG. 7. Deexcitation of the 276 keV ~
—level in ' Os.

Widths of the arrows represent the y-ray intensities
measured in 9Ir decay (Ref. 33).

closest.
In the following discussion, vibrational band

members will be denoted IK(K,[Nn+]). For exam-
ple, —,—,(—', [503]) would be the —,

' —member of the
K, —2 y band built on the —', [503] Nilsson state.

The —,
' —level at 276 keV could be the bandhead

of the K, —2 vibration built on the —', [505]. The de-
excitation branching of this state is shown in Fig.
7. By far the strongest transition depopulating the
276 keV —,

' —level connects it with the —', [505]; this
&
--—', —transition probably is a collective deex-

citation, which would be favored over transitions
between single particle bands. Mixing between
the high lying ~

—',[503] particle state and the
-', —,'(~[505]) would lower the energy of the latter,
and could account for part of the (d, p) but not the
(d, t) cross section of the 276 keV level. Coupling
with —,

' —members of vibrational bands built on
the —,[510] and —,[512] could further depress the
~~(—, [505]), but there is no obvious reason why
this should be the only vibrational state to lie so
far below the phonon energy. Mixing of the
~~(+[505]) with the —', ~[512] should be weak, but
this is a possible additional source of observed
neutron transfer intensity to the 276 keV level;
Z-ray transitions (Fig. 7) to members of the —', [512]
band also indicate that there is some interaction.
The 276 keV state, then, seems to be an anomalous
state. Within the framework of the axially sym-
metric Nilsson model it contains a considerable
amount of —,'-,'(—', [505]) collective character but also
has an appreciable amount of quasiparticle charac-
ter from uncertain sources. This interpretation
of the 276 keV state does not explain why it lies
so low in energy, however.

The K,+ 2 bands built on the —, [505] and —', [503]
would have high spins and no source of transfer
intensity, so they certainly would not have been
seen in these experiments.

The —,—,'(—', [503]) might be expected to be populated
in the (n, y) reaction. But of the unidentified low

spin levels seen in the high energy y-ray spectrum
at 439, 506, 550, and 558 keV none decays to the

217 keV —', —', [503] state. There is an l = 1 state at
600 keV which might be a candidate for the
~~(—', [503]) assignment, but it is one of the strong-
est states in the transfer spectra. By mixing, it
would borrow some of the enormous (d, p) strength
of the ~~[501], but there is no obvious source of
(d, t) strength. There is no experimentally ob-
served level which can clearly be assigned as the
ll(-'.[503]).

There is a multitude of possible interactions for
the —,[510] and —,'[512) orbitals. First, the quasi-
particle bands themselves mix strongly. Second,
each quasiparticle band can mix with the Kp —2 y
vibrational band of the other, according to the
strong rules for particle-vibrational coupling.
Third, Coriolis mixing can occur between the two

Kp 2 y vibrational bands . Fourth, there can be
many interactions with higher lying Nilsson states.
With so much mixing, then, it is not surprising
that no recognizable rotational pattern could be
observed for any of the vibrational excitations.

Strong mixing of the ~~(~[512]) with the —,
' —', (~[510])

should elevate the former and depress the latter.
There is no analogous interaction for the —,—,(—', [512]).
All three of these states can acquire transfer
strength by mixing with the base states. There-
fore, it would seem reasonable to assign the low
spin states at 439, 506, and 558 keV as the
»(&[510]), the ~~(~[512]), and the —'„'(—', [512]), re-
spectively. Several observations have bearing on
these assignments. All three of these states are
populated by inelastic scattering, the 506 keV
level most strongly. ' The observed inelastic scat-
tering would be expected if the two &

—states are
mixed, so that both are then related to the ground
state. As is shown in Fig. 8, the y-ray deexcita-
tion of the 439, 506, and 558 keV states goes ex-
clusively to members of the —,'[512] and —,'[510]
bands, indicating close relationship among all
these levels. Observation of the 67 keV transition
connecting the 506 and 439 keV levels, when higher
energy deexcitations would normally be favored,
indicates that there may be a rotational relation-
ship between the two levels. A strong —„'(-,[512])
admixture in the 439 keV state could account for
the effect. Similar low energy deexcitations of the
558 keV level are less likely to be observed, since
the level is less strongly populated than the 506
keV state. It is suggested, then, that the 439 and
558 keV each contain roughly equal amounts of—„'(-,[510])and —,",(

—', [512]) character, and that the
~ ~ (—,[512]) state is at 506 keV.

Since the M1 transition probability within the
~ —[510]band is much larger than the Ml within
the —,

' —[512] band or the Ml ~ —[510]-—,
' —[512]

transition, the tendency to populate the &
—[510]

band beginning at 36 keV more strongly than the
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keV I/2, K-P.

IOO —3/2

—, —[512] band can be understood when the mixing
described fox the 439 and 506 keg bands is taken
into account.

One would expect the —', —', (-,
' [512]), as well as the

506 keV —,'-,'(—,'[512]), to be strongly populated in the
(d, d') reaction. A state has been observed at

~~a [viz]

FIG. 8. Deexcitation of the proposed KO—2y vibra-
tional bands built upon the ~ [512j and ~ I.510] states in
'8~08. Widths of the arrows indicate roughly the y-ray
intensities observed in the (n „y) experiment, except for
the 439 keV p ray which was observed only in Ir decay
(Ref. 33).

733 keV in the (d, d'} spectrum, with about the
same intensity as the 506 keV state, ' which could
be the —', —', (—', [512]). A state at 735 keV in the (d, f}
spectra has been tentatively assigned in the previ-
ous section as the —', —member of the —,[521] band.
If this assignment is correct, then the (d, t) and

(tf, d') probably populate different levels.
If the transfer cross section of vibrational states

is a measure of the one-quasipartiele admixture,
then the sum over the observed states should give
approximately the expected total cross sections.
However, for '890s the assigned quasiparticle
states already have about the expected cross sec-
tions. If the transfer strength of mainly collective
states comes from higher Nil~son orbitals, then
it is surprising that so many of the states (assigned
and unassigned) above 400 keV have particle/
hole character similar to states lying close to the
Fermi energy, where U' and V' are about 0.5.

D. Nilsson level scheme

The interpretation of the energy levels in '890

is summarized in Fig. 9, which displays the levels
gxouped in rotational bands togethex with their
possible associated vibrational excitations. In
contrast with the single particle excitations, for
which satisfactory assignments could be based upon
semiquantitative agreement between experiment

I/2 52 I

I 3/2

.
,
2I7

7/2 505
I I/2 6l 5

3/P»»»»»»»»»»»»»»

5/2, K-2
7/2 — 366

EI

5/2 234

3/P»»» ~ » ~ ~ »» ~ ~ »» )$8
/2»»»»»»»»»»»»»» QQQ

I/2, K-2

B 5/p 1»»1»» ~ »»»»»»

P Ig 5/2, K-2

I/2 5lo

5/2 70
9/2

3/2 -- 0
5/2 5tZ wz 'rosj

FIG. 9. Level RssigM11ents ln 08. Hole stRtes are shown to the left, Rnd pRrtlcle stRtes to the right of the ground
band. The degree of confidence for the Nilsson assignments is indicated by the letters A, 8, and C, which designate
certain, probable, and tentative identifications, respectively. Possible associated vibrational excitations are indicated
as dotted lines. Unassigned levels below 1 MeV are also shown, withtheir particle or hole character indicated by hori-
zontal position.
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and theory, the identification of the vibrational
states is far more speculative. The large number
of levels seen above 400 keV makes the assign-
ments less definite than at lower excitation ener-
gies. But the greatest difficulty in assigning vi-
brational states is due to the fact that their wave
functions are not related in a simple way to neu-
tron transfer.

IV. DISCUSSION

A. Nilsson orbital systematics

An important result of these studies is the sys-
tematic identification of low lying excited states
which can be related to the Nilsson orbitals. """
The properties of these states in '"Os deviate
considerably from the predictions of the Nilsson
model, probably largely because of the strong
Coriolis interaction" expected for such weakly
deformed nuclei.

The systematics of the Nilsson levels implies
that with increasing odd neutron number at approx-
imately constant deformation each Nilsson orbital
in turn will first be observed as a high lying par-
ticle excitation and ultimately become an increas-
ingly deeper hole excitation. In this simple pic-
ture each Nilsson orbital would be the ground state
for only one odd value of N. These expectations
hold true fairly generally in the rare earth region. "
From the information available on other odd-A
Os nuclei, '"""'"together with the data of this
experiment, it can be seen that this trend is not
followed very well for N & 110. In particular, the
—,[510] and the —, —[512] states each occur within
100 keV of the ground state in four consecutive odd

isotopes between '"Qs and '"Os.
These unusual observations can probably be

attributed to a decrease in deformation with in-
creasing mass in the Qs region. This effect can be
visualized from an inspection of the Nilsson dia-
gram for this mass region. As one proceeds along
either the —,[510] or the —,[512] Nilsson state from
larger toward smaller deformation, there are
several high-K orbitals from the i»&, and h, &,

spherical states which cross below the —,'[510].
These high-K orbitals, therefore, are more likely
to be filled before the —,[510] in the less deformed
heavier isotopes, thus enabling the —,[510] and
—,'[512] to remain at low excitation energy.

8. Coriolis coupling and spherical transfer strength

In the (d,P) and (d, t) spectra observed in this
work, the two dominant peaks at low excitation
energy are those which have been assigned as the
—,2[510] and ~~[512] states. From the pure Nilsson

model calculations (Table VII) one would expect
that the —,

' and —', members of both the —,[510] and the
—,'[512] bands should be populated, but, as was dis-
cussed earlier, the strengths of the four expected
states are combined into only two by Coriolis cou-
pling. According to the usual two-band Coriolis
treatment, "then, it would be expected that the
observed —, state should have at most the sum of
the unperturbed & strengths calculated for the two

bands, and similarly the observed & state should
not be stronger than the calculated —, sum. How-
ever, the measurements definitely reveal transfer
strengths larger than the predicted sums. Simi-
larly excessive cross sections have been seen in
"'W but not in the lighter W isotopes. ' Apparently
'"Qs also exceeds the predicted —, and -', strength,
although the two states were unresolved in the
transfer spectra. "

The reason for the discrepancy in the transfer
strength is probably the neglect of admixtures
from other Nilsson orbitals. As deformation de-
creases toward the heavier Os isotopes, the un-
perturbed energies of the —,[501] and the -', [503]
Nilsson states become lower, and also there is an
increase in the inertial parameter h'/2I, which is
the coupling constant for the Coriolis interaction.
Both of these effects can strongly enhance the
mixing of higher orbitals with the lowest lying
states.

The experimentally observed cross section pat-
terns can be viewed as indications of the increas-
ing dominance of the Coriolis interaction with de-
creasing deformation. The C oriolis interaction
tends to counteract the splitting of spherical trans-
fer strength caused by the deformation of the nu-
clear potential, and thus tends to restore the cross
section pattern expected for a spherical nucleus.

C. Possible triaxiality in ~80s

It has long been recognized' that the heavy Os
nuclei probably represent the closest approach
of the experimental situation to the theoretical
expectations of triaxiality. The great majority
of effort in this region (both experimental and
theoretical) has involved the even Os nuclei. These
studies have usually revolved around the fact that
the K= 2' y vibrational band moves precipitously
downward in energy as neutron number increases
until it is almost degenerate with (but slightly
higher than) the 4+ rotational member of the
ground state band at '"Os, dropping below at '"Os.
In the earliest and simplest models' the y band
sequence implies a series of triaxial nuclei in
which the y deformation increases until at '"Os
the nucleus is more nearly oblate than prolate.
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The preponderance of evidence, however, suggests
that the quadxupole moments for all of the even
Os nuclei are positive (including '"Os) whereas
the q~adrupole moments of all of the stable even Pt
nuclei ax'6 negative lncludlng the isotopes of the
heaviest Gs nuclei. How close the potential func-
tions of the Os nuclei come to I: instability (in
which the nucleus can take all y degrees of free-
dom in the p -y plane without change in potential
energy) 18 not clear.

Since odd-A Gs nucle1 have an Rdd1tlonal pax'tlcle
which can aet as a probe for the nuclear shape, it
might be expected that this additional sensitivity
:night give important clues to possible txiaxiality
in the heavy Qs nuclei. Unfortunately very little
theoretical work has been done for odd nuclei with
triaxia. l symmetry. In part, this is because the
calculations are so difficult, but it can also be
blamed on the shortage of experimental data needed
to inspire theoretical calculations. The tech-
niques which have beenused for calculating the
properties of odd triaxial nuclei' "are difficult
to use effectively for the present work because
they involve unacceptable approximations; they
provide no straightforward way of estimating
transfer cross sections, and they ean produce
almost any spin sequence in a band by variation of
a. few parameters. However, a few states have
been observed in '"Gs which have features re-
sembling those predicted for specific rotational
levels of a triaxial rotor.I particular interest is the behavior predicted
by Pashkevieh"" a.nd Meyer-ter-Vehn'""'" for
the first rotational state with spin j —2, associa-
ted ~v:ith an intrinsic single hole state in a j& &

shell. The first j —2 state lies at fairly high ex-
citation energy fox a prolate nucleus, but drops
sharply as y increases from 19' to 30', becoming
the lowest state above the bandhead for y& 30 .
The reduced F2 probability for the transition,
connecting this first j —2 state with the j band-
head, increases abruptly by two to three ordex's
of magnitude around y= 10', where the j —2 sta, te
begins to drop in excitation energy.

The behavior of the j —2 state described above
very strongly resembles that of the —,

' —state ob-
served at 276 keV in '"Qs. This &

—state deex-
cites selectively by an E2 txansition, "'"to the

—[505] bandhead, and iles 'too low 111 ellergy to
he a typical vibrational excitation. This behavior
provides rather stx'ong evidence fol tx'1RxlRl sym-
metry in '"Gs. Perhaps even stronger evidence
would be R measux'ed E2 tx'Rnsltlon probRb1llty chRx'-

acteristic of a rotational 245 keV &
———,'—transi-

tion. %'e hope the present experimental evidence

will stimulate more sophisticated theoretical cal-
culations.

V. CONCLUSION

Tile Rddltlon of (d,p) (d, t), RIld (Il, p) dR'tR pI'e-
sented hexe to the already extensive decay scheme
data not only provides additional infox'mation and
levels for the '"Qs level structure, but also allows
greater sophistication in the interpretation of
these levels.

Clearly the Nilsson model is able to give R quali-
tative description of many of the low lying states
in '"Qs, but just as clearly the Nilsson model does
not predict the properties of the transition nucleus
'"Qs as successfully as it does those of the more
strongly deformed nuclei.

Among the emerging complexities observed in
this study are (l) the anomalies in the Nilsson
orbital systematics which may be qualitatively
understood in terms of changing deforxnation and

severe Coriolis coupling, (2) the anomalous (d,P)
and (d, t) cross sections particularly for the &-
and &

—states which again qualitatively may be
undex'stood on the basis of increasing Coriolis
coupling tending to restore the cross sections
expected for a spherical nucleus and destroy that
expected for the Nilsson model, and (3) the prob-
able triaxiality associated with low lying states
connected by collective transitions to known Nils-
son states.

%6 believe these interesting deviations from the
¹lsson model deserve further theoretical and

experimental study and have undertaken the study
of '"Qs and '"Gs in the hope that these more neu-
tron rich nuclei will provide even more striking
evidence fox these phenomena.
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